We investigated the influence of the apolipoprotein E-E4 allele (APOE-E4) on longitudinal agerelated changes in brain functional connectivity (FC) and cognition, in view of mixed crosssectional findings. One hundred and twenty-two healthy older adults (aged 58-79; 25 APOE-E4 carriers) underwent task-free fMRI scans at baseline. Seventy-eight (16 carriers) had at least one follow-up (every 2 years). Changes in intra-and internetwork FCs among the default mode (DMN), executive control (ECN), and salience (SN) networks, as well as cognition, were quantified using linear mixed models. Cross-sectionally, APOE-E4 carriers had lower functional connectivity between the ECN and SN than noncarriers. Carriers also showed a stronger age-dependent decrease in visuospatial memory performance. Longitudinally, carriers had steeper increase in inter-ECN-DMN FC, indicating loss of functional segregation. The longitudinal change in processing speed performance was not moderated by APOE-E4 genotype, but the brain-cognition association was. In younger elderly, faster loss of segregation was correlated with greater decline in processing speed regardless of genotype. In older elderly, such relation remained for noncarriers but reversed for carriers. APOE-E4 may alter aging by accelerating the change in segregation between high-level cognitive systems. Its modulation on the longitudinal brain-cognition relationship was agedependent.
functional activation (Matura et al., 2014) , earlier amyloid b deposition (Resnick et al., 2015) , and higher risk of mortality (Liu, Liu, Kanekiyo, Xu, & Bu, 2013 ). Yet, how APOE-E4 genotype affects functional brain organization underlying cognitive decline in healthy older adults remains largely unknown. Task-free blood oxygen level-dependent (BOLD) functional magnetic resonance imaging (fMRI) enables researchers to examine the APOE-E4 effect on the human brain functional architecture in vivo by studying changes in functional connectivity (FC), defined as synchronous fluctuations of BOLD signals among different brain regions (Biswal, Yetkin, Haughton, & Hyde, 1995; Harrison and Bookheimer, 2016) . Functional intrinsic connectivity networks (ICN), formed by spatially distributed brain regions showing high FC and subserving different sensorimotor and cognitive functions, have been mapped in the healthy brain (Biswal et al., 1995 (Biswal et al., , 2010 . The "core cognitive networks" have been suggested to comprise the default mode network (DMN), the executive control network (ECN), and the salience network (SN) (Uddin, 2015) . The DMN is involved in self-referential functions such as episodic memory (Buckner, Andrews-Hanna, & Schacter, 2008) ; the ECN is associated with externally oriented cognitive functions such as working memory and decision making; and the SN is implicated in directing attention to the most homeostatically salient events (Seeley et al., 2007) . Healthy aging has been consistently associated with reduced brain network functional specialization (decreased intranetwork FC) (Ferreira et al., 2016; Geerligs, Renken, Saliasi, Maurits, & Lorist, 2014) and segregation (increased inter-network FC) (Chan, Park, Savalia, Petersen, & Wig, 2014; Geerligs et al., 2014) , two critical principles underlying the modular network organization that is essential for efficient information processing (Park and Friston, 2013; Sporns, 2013) .
The APOE-E4 allele may impact ageing by disrupting the normal course of reducing network specialization and segregation.
Despite evidence from cross-sectional studies suggesting that APOE-E4 alters brain functional organization in healthy young (Filippini et al., 2009) , middle-aged (Westlye, Lundervold, Rootwelt, Lundervold, & Westlye, 2011) , and older adults (Machulda et al., 2011; Wu et al., 2016) , systematic and consistent patterns have yet to be fully discovered and explained (Reinvang, Espeseth, & Westlye, 2013; Shu et al., 2014) . This is true even for studies focusing on older adult participants.
For instance, Westlye et al. (2011) observed increased hippocampal-DMN FC in APOE-E4 middle-aged and older carriers compared to noncarriers, while Machulda et al. (2011) reported lower regional intra-DMN FC and higher intra-SN FC in elderly carriers compared to noncarriers. Sheline et al. (2010) found both precuneus-related decreased FC (temporal regions and the dorsal anterior cingulate) and increased FC (dorsal occipital cortex and anterior frontal regions) in Ab-negative APOE-E4 carriers compared to noncarriers. Finally, a small study by Wu et al. (2016) reported both increased and decreased FC within the DMN, ECN, and SN in APOE-E4 carriers but comparable internetwork FC between carriers and noncarriers aged 50-65 years.
Moreover, cross-sectional findings do not necessarily generalize to individual ageing process as such design mixes interindividual differences and intraindividual changes over time (Kraemer, Yesavage, Taylor, & Kupfer, 2000) . Longitudinal studies are necessary to dissociate intraand interindividual differences to characterize the role of APOE-E4 genotype in brain and cognitive ageing more clearly. To date, few longitudinal task-free FC studies have compared cognitively normal elderly individuals with different APOE-E4 genotype. Ye et al. (2016) recently reported longitudinal differences in hippocampal FC between APOE-E4 carriers and noncarriers who were cognitively normal or mild cognitively impaired (MCI), but the sample size for healthy carriers was relatively small (10 carriers in cognitively normal subjects, 16 in MCI), and only hippocampus-based FC was examined. The changes within and between large-scale core cognitive brain networks over time, a hallmark of healthy aging (Chan et al., 2014; Ng, Lo, Lim, Chee, & Zhou, 2016) , remain to be elucidated.
To this end, we examined the association between APOE-E4 genotype and task-free FC changes in cognitively normal older adults in a cross-sectional dataset and a longitudinal subset simultaneously. By expanding on the dataset from our previous study and incorporating genotype information in the analysis, we investigated whether intra-and internetwork FC of the three core cognitive ICNs and the cognitive performance in five domains underwent diverse changes according to APOE-E4 genotype over time. In line with the proposals of the effect of APOE-E4 allele on the aging process, we hypothesized the intranetwork FC within the three ICNs to decrease over time, and more sharply in APOE-E4 carriers than noncarriers, indicating greater loss of functional specialization over time. Second, we anticipated internetwork FC between task-positive networks (ECN and SN) and the DMN to increase over time, again more so in APOE-E4 carriers than noncarriers, indicating faster loss of functional segregation.
Last, we determined whether the association between the rate of change in FC and the longitudinal cognitive decline would be affected by APOE-E4 genotype.
| M A TER I A LS A N D M ETH OD S

| Participants
One hundred and twenty-two cognitively normal, healthy older adults (61 female; 25 E4-carriers (24 E3E4 and 1 E2E4) and 97 noncarriers (87 E3E3 and 10 E2E3; mean age 5 70.11 years, SD 5 5.62 years at the baseline, range 5 58-79 years) were recruited at Duke-NUS Medical School (Chee et al., 2009; Pan, De Silva, Yuan, & Koh, 2014) . Of the 122 participants, 78 had longitudinal data (16 E4-carriers (15 E3E4 and 1 E2E4) and 62 noncarriers (52 E3E3, and 10 E2E3)). They were evaluated for a second and/or a third time every 18-24 months. Thirtyeight had data from all three time points, 37 had data for two consecutive time points, and 3 had data from the first and third time points. Eligible participants had to complete brain imaging with satisfactory data quality, a Mini-Mental State Examination (MMSE) (Folstein, Folstein, & McHugh, 1975) Figure 1 gives the schematic summary of the data collection and analytical steps.
| APOE genotyping
APOE genotyping was achieved using established protocols. Genomic DNA was extracted from peripheral blood (PUREGENE ® , Gentra System, Inc) drawn between 8:30 am and 9:30 am after an overnight fast at the National University Hospital Laboratory (Chee et al., 2009 ).
APOE genotype was determined using high-resolution melting (HRM) with quality-controlled procedures (Hixson and Vernier, 1990) . Briefly, the genomic DNA was amplified for a 277 bp region that includes APOE polymorphisms at both codons 112 and 158 using a 3 0 -blocked unlabeled oligonucleotide probe (LunaProbes) in a Light Scanner 32 real-time PCR instrument (Idaho Technology Inc., UT). APOE alleles were classified as having an E2, E3, or E4 isoform. Participants were classified as carriers (one or more E4 alleles present) or noncarriers (no E4 allele present).
| Neuropsychological assessments
Participants were evaluated by trained researchers on five cognitive domains within three months of undergoing MRI: processing speed, attention, verbal memory, visuospatial memory, and executive functioning (Chee et al., 2009) , as detailed in Supporting Information.
| MRI acquisition
Participants underwent an 8-min task-free fMRI scan with fixation in a 
| Image processing and functional connectivity derivation
All functional and structural images were preprocessed using a standard volume-based pipeline following our previous report Zhou, Gennatas, Kramer, Miller, & Seeley, 2012) (2b) analyses. The intranetwork (orange cells) and internetwork FCs (violet cells) of the three ICNs were obtained by averaging the corresponding cells in the matrices (3a and 3b). We then assessed APOE-E4 effects on the cross-sectional (4a) or longitudinal (4b) FC and cognitive scores using corresponding linear models. Finally, brain-cognition associations were examined by correlating the individuals' intra-and internetwork FC and cognitive test. In the cross-sectional analysis (5a), the cognitive score and FC was correlated using multiple regression; in the longitudinal analysis (5b), the rate of change in cognition and FC (represented as D in the axes) were derived from the linear mixed models and correlated using multiple regression [Color figure can be viewed at wileyonlinelibrary.com] SUSAN, (2) skull stripping with the Brain Extraction Tool (BET), (3) (7) nuisance signals reduction by regressing out signals estimated from CSF, white matter, whole-brain global signal (Power, Schlaggar, & Petersen, 2015) , and six motion parameters. Motion quality control was performed for each session of all participants (maximum absolute motion 3mm). Global signal regression was performed for consistency with past studies on ageing (Chan et al., 2014; Ferreira et al., 2016; Geerligs et al., 2014) and its potential effectiveness in nuisance signals suppression (Nalci, Rao, & Liu, 2017; Power, Plitt, Laumann, & Martin, 2017; Satterthwaite et al., 2017) . In our previous study, we used the global negativity index (Chen et al., 2012) To quantify within-and between-network FCs, the DMN, the ECN, and the SN were spatially defined by a prior brain functional parcellation scheme in the standard MNI space (Arslan et al., 2017; Yeo et al., 2011) . The labels and coordinates of the regions of interest (ROIs) used for each ICN are provided in Supporting Information, Table   S1 and Figure S1 . These ROIs were applied to functional data that were normalized to the same MNI space to extract the functional time To adjust for the possible effect of grey matter volume (GMV) changes (Hostage, Choudhury, Murali Doraiswamy, & Petrella, 2013) on the FC aberration, we included average GMV of each ICN as covariates in our statistical models. GMV derivation was based on the standard VBM8 procedure (Supporting Information).
| Statistical analysis 2.6.1 | Demographic analysis
Demographic differences between the APOE-E4 carriers and noncarriers at the baseline were tested using v 2 tests for categorical variables (gender) and independent t tests for continuous variables (age, education, MMSE, and mean frame-wise relative head motion) ( Table 1 ).
| Brain and cognition analysis
Cross-sectional analyses
Each of the six cross-sectional intranetwork (DMN, SN, and ECN) and internetwork (DMN-ECN, DMN-SN, and SN-ECN) FCs and five cognitive performances was compared between APOE-E4 carriers and noncarriers separately using a general linear model (GLM) including an interactive effect between age and APOE-E4 genotype and adjusting for gender and years of education; FC analyses were further controlled for mean framewise displacement (FD) and network GMV (Equation 1):
where the effect of each predictor on measure Y of individual j was denoted by the specific bs and 3 represented interaction. For cognition, we examined attention and processing speed across the whole cross-sectional cohort as these domains were examined with the same assessment materials for all participants in all visits. We then examined verbal memory, visuospatial memory, and executive function using all participants from the longitudinal protocol who contributed at least one time point. 
Longitudinal analyses
Complementing our cross-sectional analyses, we examined the moderating effect of APOE-E4 genotype on these longitudinal changes that
were not examinable with cross-section only data. Presence of longitudinal change was a prerequisite for analyses. In the previous study To further show that the observations cannot be fully accounted for by motion, we also ran the analyses with functional data with motion scrubbing (FD 0.2 mm, DVARS 0.5%). All analyses were performed in R 3.3.0 (https://www.r-project.org/) on OSX 10.9.2.
| RE S U L TS
| Demographic characteristics
At baseline, the APOE-E4 carriers and noncarriers were comparable in terms of age, gender, education, general cognition (MMSE), and head movement (Table 1) .
3.2 | Genotype effects on the cross-sectional differences in functional connectivity and cognition
From the cross-sectional dataset, APOE-E4 genotype yielded statistically significant group differences in the internetwork FC between the ECN and the SN (p 5 .019). Its negative coefficient (20.285, Table 2) indicated lower internetwork ECN-SN FC in the carriers compared to the noncarriers. Figure 2 ).
Given the presence of APOE-E4 effects cross-sectionally, we examined whether APOE-E4 allele moderated the brain-cognition association between the internetwork ECN-SN FC and visuospatial memory, but no statistically significant relationship was observed.
Motion scrubbing did not change the results substantially (Supporting Information, Table S5 ).
| Genotype effect on the longitudinal changes in functional connectivity
Individual differences across time were substantial in both FC and cognitive measures (Supporting Information, Table S2 ). APOE genotype did not yield any statistically significant group effect in grey matter volume and intranetwork FCs changes over time. For internetwork ECN-DMN FC, in addition to the time 3 age interaction as identified in our previous work , there was also a statistically significant time 3 genotype effect (p 5 .043). The positive coefficient (0.01, Table 3) and the estimated longitudinal patterns (Figure 3 ) suggested that APOE-E4 carriers had more loss of functional segregation between the DMN and ECN over time than noncarriers. Exploration on the FC measures that did not show a longitudinal change on average in our past study showed no evidence of a longitudinal APOE-E4 genotype effect (Supporting Information, Table S3 ).
| Genotype effect on the longitudinal changes in cognition
Genotype did not yield statistically significant moderation on the longitudinal decline in processing speed. Exploration on the cognitive domains that did not show longitudinal decline in our past study also showed no evidence of a longitudinal APOE-E4 genotype effect (Supporting Information, Table S4 ). 
| Genotype effect on the longitudinal changes in brain-cognition association
We finally examined the moderating effect of the APOE-E4 allele on the association of inter-network ECN-DMN FC changes with the change in processing speed , given the presence of a genotype effect on the FC. The association between the rate of reduction in ECN-DMN segregation and the rate of decline in processing speed showed a significant APOE 3 age 3 FC interaction (p 5 .045; Table 4 ). Plotting the predicted brain-cognition regression slopes at three example ages (Figure 4) suggested that noncarriers showed a negative correlation throughout all older ages, such that faster decline in processing speed was associated with greater loss of ECN-DMN segregation as reported previously ; interestingly, younger APOE-E4 carriers showed a similar negative association, but this association appeared to reverse gradually in the older carriers.
Motion scrubbing did not alter the longitudinal results substantially (Supporting Information, Tables S6 and S7 ).
| D ISC USSION
Our principal objective was to examine cross-sectional and longitudinal changes simultaneously in task-free intra-and internetwork FC between APOE-E4 carriers and noncarriers in a sample of healthy older individuals. Indeed, FC differed cross-sectionally and longitudinally between the two APOE-E4 genotype groups. Cross-sectionally, APOE-E4 carriers had lower functional connectivity between the ECN and SN than carriers; they also had lower visuospatial memory performance in an age-dependent manner. Longitudinally, carriers had more loss of functional segregation between the DMN and ECN than noncarriers over time (Chan et al., 2014; Geerligs et al., 2014) ; the association between the rate of reduced segregation of ECN-DMN and the rate of declined processing speed was moderated by age and APOE-E4 genotype. Collectively, these findings are consistent with the proposal that APOE-E4 accelerates biological ageing (Bartzokis et al., 2007; Matura et al., 2014) . Among other adversities, the APOE-E4 allele would speed up the ageing process through brain network degradation, which may include aberrant changes in functional segregation between core cognitive ICNs; the allele may also exert synergistic effect with age-related changes on such degradation to hamper cognitive performance in healthy old adults. Note. Abbreviations: GMV 5 grey matter volume. APOE-E4 genotype interacted with age and the rate of change in internetwork functional connectivity (FC) between the default mode (DMN) and executive control network (ECN) to influence the rate of change in processing speed performance. Statistically significant effects (p < .05) are highlighted in bold.
FIG URE 4 APOE-E4 genotype moderated brain-cognition association. The genotype effect in the brain-cognition associations estimated by the multiple regression model is plotted at three example ages, based on the age range at baseline, for APOE-E4 carriers (orange lines) and noncarriers (green lines). While increased coupling between the executive control and default mode network (ECN-DMN functional connectivity, positive is worse) was generally associated with declining processing speed performance (negative is worse) in APOE-E4 noncarriers (all green lines), this trend was present with stronger correlations in younger carriers (orange line, first panel) but gradually reversed in the older carriers (orange line, third panel). Shades represent 95% confidence intervals [Color figure can be viewed at wileyonlinelibrary.com]
| APOE-E4 was associated with poor visuospatial memory performance
Neuropsychological findings on APOE-E4 effect have been mixed (Knight et al., 2014; Reinvang et al., 2013) , but stronger evidence has pointed toward poorer memory and executive function performance comparing carriers to noncarriers (Small, Rosnick, Fratiglioni, & Backman, 2004 ). In our cohort, this difference appeared as a stronger agedependent decrease in the visuospatial memory performance in carriers than noncarriers cross-sectionally.
4.2 | APOE-E4 was associated with lesser coupling between task-positive intrinsic connectivity networks but not within-networks across individuals Resnick, 2017; Suri et al., 2017) . Therefore, one possible hypothesis is that carriers have altered regulation of control processes that subsequently influence their memory performance.
4.3 | APOE-E4 was associated with reduced internetwork segregation but not intranetwork specialization in aging adults over time Interestingly, we found that APOE-E4 carriers suffered more loss in ECN-DMN functional segregation than noncarriers over time. While noncarriers showed a gradual loss of segregation after a period of maintained segregation as a function of baseline age, APOE-E4 carriers demonstrated a consistently steeper reduction of segregation across all baseline ages. Decreasing network segregation is argued to be a key feature of brain ageing (Chan et al., 2014; Geerligs et al., 2014) , thus APOE-E4 may compromise normal ageing process by accelerating it.
Multimodal neuroimaging findings may lend support to this possible linkage. APOE-E4 genotype effects on task-free FC have been attributed to different neurodevelopmental courses between carriers and noncarriers (Dowell et al., 2016; Ferreira et al., 2016; Trachtenberg et al., 2012 ). In parallel, task-based fMRI studies had revealed less deactivation in the DMN in carriers than noncarriers during task performance, implicating a disrupted balance between the DMN and taskpositive networks (Lind et al., 2006; Persson et al., 2008) . Middle-aged APOE-E4 carriers also showed activation patterns that were more similar to those of the elderly than their noncarrier cohort during attention and memory tasks (Evans et al., 2014) . APOE-E4 allele has also been linked to accelerated atrophy in various limbic and cortical areas (Hostage et al., 2013) and higher baseline Ab deposition (Resnick et al., 2015) . As a result of accelerated ageing, APOE-E4 carriers might be more vulnerable to pathology. One possibility may lie in its close link with Ab, which has been shown to disrupt local metabolism and FC already in clinically normal participants (Fouquet, Besson, Gonneaud, La Joie, & Chetelat, 2014; Kang et al., 2017; Schultz et al., 2017) . APOE-E4 may promote Ab deposition, exacerbating its detrimental impact on brain function and structure (Ba et al., 2016; Resnick et al., 2015) .
Unexpectedly, despite previous cross-sectional findings on the differences in intranetwork FC between APOE-E4 groups (Machulda et al., 2011; Wu et al., 2016) , we did not find APOE-E4-related intranetwork FC changes over time (nor cross-sectionally). Age-related decrease in intranetwork FC, a sign of compromised specialized processing, is also a common phenomenon in aging (Damoiseaux, 2017) . The lack of evidence of the influence of APOE-E4 allele on intranetwork FCs could be due to methodological difference between network level and regional FC (Dennis and Thompson, 2014) or cohort differences. Nevertheless, it might also suggest higher vulnerability of internetwork segregation, which is argued to mature later in life (Tian, Ma, & Wang, 2016) and is extensively affected in healthy ageing (Ferreira et al., 2016) , to risk factors such as genetic predisposition.
4.4 | APOE-E4 moderated the association between loss of functional segregation and declining processing speed Importantly, we found that the correlation between the rate of reduced ECN-DMN segregation and the rate of declined processing speed reported previously was modulated by age and APOE genotype in an intriguing fashion. This brain-cognition association between poorer functional segregation and poorer processing speed was expressed in both APOE-E4 noncarriers and younger carriers; however, this was gradually reversed in older APOE-E4 carriers. A possible scenario is that younger old individuals may be able to maintain functional segregation (internetwork FC) to compensate for their decline in functional specialization (intranetwork FC) of the core ICNs but they fail to regulate this segregation later in life . In contrast, APOE-E4 carriers appear to exhaust this compensatory process faster (i.e., in younger carriers). For instance, Ye et al. (2016) increase), which is qualitatively similar to the internetwork FC changes we observed. Furthermore, the longitudinal increase in hippocampalright inferior frontal FC in their study was associated with better episodic memory, suggesting a compensatory change (Gregory et al., 2017 (Turner and Spreng, 2015) . Therefore, the reversed brain-cognition association (i.e., increased coupling, slower decline in processing speed) extrapolated to the older carriers might indicate such adaptation to keep their cognitive normality.
Of note, the association between APOE-E4 and AD risk has been found to be weaker in the oldest population (83 years old and above), due to reasons such as the increasing potency of other pathological factors and survivor effect (Gardner et al., 2013) , future studies and more detailed statistical models are needed to better understand the difference in FC-cognition association between the older elderly E4 carriers and noncarriers. In addition to insights from the interplay between cohort (cross-sectional) and individual (longitudinal) changes, such studies should also track carriers and noncarriers from middle age to older age, and track them longitudinally for a longer period to provide a more complete picture about within-individual linear and nonlinear trajectory. They should also include task-based data for further clarifying the functional relevance (e.g., if FC changes reflect adaptation or degradation) of this age-dependent modulation (Campbell and Schacter, 2017) . Taken together, our findings supported the potential capability of APOE-E4 to accelerate ageing on brain network dynamics.
| Limitations
We acknowledge a few limitations. First, the number of APOE-E4 carriers in our longitudinal cohort is still relatively small although not atypical (Yang et al., 2014) , thus our findings warrant replications in larger samples. Second, the spatial specificity of our findings is relatively low due to the averaging across multiple ROIs within each network. Given the moderate reliability (Supporting Information, Table   S2 ), these functional connectivity measures may have limited sensitivity to detect cognition-or genetic-related associations. Future studies need to improve sensitivity by enhancing longitudinal sampling and considering the complex relationships between more regionally defined functional connectivity (Razlighi et al., 2014) .
Third, our study focused on linear functional brain changes. Future studies should explore the possible nonlinear age-dependent influence of brain function and structure on brain and cognitive ageing (Hong et al., 2015) . Finally, with increasing data availability, the possible differential influence of APOE-E2 allele (Shu et al., 2016) and other important risk factors that are hypothesized to synergize or counteract with APOE genotype to impact ageing, such as amyloid disposition (Buckley et al., 2017; Schultz et al., 2017) , should be examined. 
| CON CL U S I ONS
